Assessment of the Automotive Stirling Engine by Lawn, David A.
University of Windsor 
Scholarship at UWindsor 
Major Papers Theses, Dissertations, and Major Papers 
2010 
Assessment of the Automotive Stirling Engine 
David A. Lawn 
University of Windsor 
Follow this and additional works at: https://scholar.uwindsor.ca/major-papers 
 Part of the Automotive Engineering Commons, and the Materials Science and Engineering Commons 
Recommended Citation 
Lawn, David A., "Assessment of the Automotive Stirling Engine" (2010). Major Papers. 1. 
https://scholar.uwindsor.ca/major-papers/1 
This is brought to you for free and open access by the Theses, Dissertations, and Major Papers at Scholarship at 
UWindsor. It has been accepted for inclusion in Major Papers by an authorized administrator of Scholarship at 
UWindsor. For more information, please contact scholarship@uwindsor.ca. 
An Assessment ofthe Automotive Stirling Engine 
by 
David A. Lawn 
· A Major Research Paper 
Submitted to the Faculty of Graduate Studies 
through Mechanical Engineering 
in Partial Fulfillment of the Requirements for 
the Degree of Master of Science at the 
University of Windsor 
Windsor, Ontario, Canada 
2010 
© 20 1 0 David A. Lawn 
An Assessment of the Automoti\'e Stirling Engine 
By 
David Lawn 
APPROVED BY: 
Dr. Majid Ahmadi 
Department of Electrical and Computer Engineering 
/ 
Dr. Robert Gaspar 
Mechanical . Automotive and Materials Engineering 
Dr. 
Mechanical , Automotive and Materials Engineering 
Dr. Bruce Minaker, Chair 
Mechanical . Automotive and Materials Engineering 
R eptember 20 I 0 
-----·~--- ~------------------------------------------
111 
Author's Declaration of Originality 
I hereby certify that I am the sole author of this thesis and that no part of this 
thesis has been published or submitted for publication. 
I certify that, to the best of my knowledge, my thesis does not infringe upon 
anyone's copyright nor violate any proprietary rights and that any ideas, techniques, 
quotations, or any other material from the work of other people included in my thesis, 
published or otherwise, are fully acknowledged in accordance with the standard 
referencing practices. Furthermore, to the extent that I have included copyrighted 
material that surpasses the bounds of fair dealing within the meaning of the Canada 
Copyright Act, I certify that I have obtained a written permission from the copyright 
owner(s) to include such material(s) in my thesis and have included copies of such 
copyright clearances to my appendix. 
I declare that this is a true copy of my thesis, including any final revisions, as 
approved by my thesis committee and the Graduate Studies office, and that this thesis has 
not been submitted for a higher degree to any other University or Institution. 
lV 
Abstract 
The most tantalizing possibility of realizing the efficiency of the 'theoretical' Stirling 
thermodynamic cycle applied through a practical automotive engine has led to several 
attempts to develop such a power unit not long after the conclusion of the second world 
war. These efforts became much more accelerated and of greater interest in the late 
1970's. With the develo~ment of newer exotic alloys and polymers to meet a number of 
demands and mainly driven by the aerospace and computer hardware industries, never 
before seen advances have been made achieving stronger, less costly and ease of 
manufacturing to once difficult and with that costly components such as the heater head 
of the Stirling Engine. This paper will report the results of simulating the characteristics 
of a chosen group of polymers and alloys determining if their physical properties, ease of 
manufacturing and cost to produce the end product is of renewed interest. 
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CHAPTER 1: Introduction 
At the start ofthe 20th century, the advent ofthe spark-ignition (SI) fossil 
fuelled internal combustion engine revolutionized personal and commercial land 
transportation. Cheap gasoline fuel enabled the SI engine powered vehicles to 
maintain their dominance ofthe automobile market without serious challenge for 
almost the whole of the century. However, as the century drew to a close the diesel 
fuelled compression ignition (CI) engine came to be the power unit of choice for 
medium to heavy duty commercial vehicles. Much of the in-roads made by the CI 
engines came about because of rising crude oil prices and the diesel's superior fuel 
efficiency. As a matter of interest and most certainly since the 'oil-crisis' ofthe 
1970's, engine (whether SI or CI) performance has consistently and rapidly improved 
as the demands for even greater fuel efficiency and more recently cleaner tailpipe 
emissions have increased. 
Nevertheless, since the 1970's alternatives to the conventional internal combustion 
engines have been sought, including such examples as the gas turbine and rotary 
engines; not to mention the even more radical approach of using an external 
combustion engine such as the Stirling Engine. However, after over 100 years of 
development the IC engine systems are sophisticated, well-designed highly tuned 
competitors. Of all the alternatives only the Stirling Engine has shown a glimmer of 
the level of perfonnance required to be a competitive alternative especially to the CI 
engines and namely in terms of emissions. 
2 
The Stirling Engine, named after Dr. Robert Stirling, a 19th century 
clergyman, works on thermodynamic principles which in theory embody the principal 
of utopian Carnot efficiency relying only on temperature ratios and fuel choice for 
engine efficiency 1• 
Of course in reality, fuel choice, design, manufacturability and constructional 
materials play significant roles in a non-utopian world! There are also special market 
interests at play when alternatives are considered to market leaders. 
It was in the 1970's and 1980's that the last big push- at least in terms of 
fmancial investment- was made to develop a Stirling Engine suitable for automotive 
applications. Unfortunately, the U.S. DOE sponsored development became enveloped 
in controversy because of alleged lobbying activities by some of the participants but 
technically there appeared to be some advances. But as always with new engines 
competing against the giant IC engine manufacturers it was claimed that per unit costs 
of manufacture were too high, that there were problems with materials selection and 
the concept of using a hybrid version were preposterous. In the following paper we 
will explore some attempts at applying this machine to automotive applications 
during the last real push in the 1970's and 1980's. Engines such as the United Stirling 
(later Kockum) P40, and the United Stirling-Mechanical Technology Incorporated 
(MTI) units MOD I and MOD II were developed with the expectation they could 
provide a viable alternative to the ICE engine of today. With the current energy 
Darlington, R. , Strong, K. , (2005), "Stirling and Hot Air Engines", Designing and Building Experimental Model tirling 
Engines. Page 15. 
3 
concerns we face today, if one were to explore an alternative material selection 
(significant barrier), could the Stirling Engine be seen as a better alternative in terms 
of fuel efficiency or has been coined today, a 'green alternative'? 
Unfortunately, whilst trying to identify the benefits of a major improvement to 
the ASE MOD I, it was most unfortunate because the real value of the benefits could 
never be determined. Neither party had interest in the other succeeding for a number 
of different reasons. The manufacturer had to invest a tremendous amount of money 
to manufacture the ASE with very little cost benefit. This among many other factors 
ensured that the ASE was doomed to fail. The real value of the ASE was side-stepped 
and therefore discounted as too expensive and not worthwhile pursuing. 2 In a paper 
previously written by the author, the estimated installed (1984) costs to produce the 
Stirling Engine was approximately 11% higher than that of the ICE it was 
benchmarked against. Conversely, the CI engine it was measured against had an II% 
higher cost. However, because of the lack of notable benefit to performance and 
entry expense it was determined the ICE and CI engine were sufficient for the needs 
of the market. Because as noted earlier the benefit was not significant the status quo 
was to be maintained. 3 
2 Lawn, D (2004), "Appreciation of Stirling Machine Development", Page 6 
3 Lawn, D. (2004), "Appreciation of Stirling Machine Development", Page 4 
4 
CHAPTER 2: Review of Previous Attempts to Develop and ASE 
Different Phases 
MOD I - As part ofthe Act (95-238) 4 set forward by the U.S. Department of 
Energy (DOE), and passed by congress in 1978 into law the, 'Automotive Propulsion 
Research and Development Act ' . Its purpose was to develop automobile engines 
beyond current known or accepted industry products. One such program initiative 
was to develop an Automotive Stirling Engine (ASE). The primary responsibility for 
this program was to rest with NASA. 
This Stirling Engine Program consisted oftwo programs: 
1. Automotive Stirling Engine (ASE) 
2. Automotive Stirling Research and Technology 
All major development was to be the responsibility of the ASE program, while 
the research team were targeted to support the engine development through programs 
of a technical nature in the form of natural selection, engine control, combustibility, 
etc. 
Mechanical Technology Incorporated (MTI) was chosen to run the ASE 
program and was to provide the transfer of technology along with the program 
management. Background technology was provided using two sub-contractors AMG 
(American General Corporation) in Detroit, Michigan, and USAB (United Stirling 
4 Em t, W. (1997) , "Automotive Stirling Engine Development Project", Section 1.1 ASE Project 
Summary, Page 1-1 , Cleveland, OH. 
5 
AB) a company located in Malmo, Sweden. The former was responsible for the 
vehicle integration I application. 
Originally intended to be a 5 year program, (funding was cut thereby resulting 
in a protracted 10 year program) and was allocated approximately $107M U.S. As a 
casualty ofthe funding cuts and resulting turn of events the technical scope and 
hardware were greatly reduced. 
The ASE program started with the USAB P40 engine as a baseline engine; 
they then developed two renditions of Stirling Engines designed for automotive 
applications known as the MOD I and MOD II engines 5. 
By 1988, an upgraded MOD I engine was added under the MOD I (base) 
program. It, however, was planned that a MOD II engine would be installed in a GM 
Celebrity Subcompact car in order to demonstrate the ASE objectives in April of 
1988. 
5 Tabata, W. (1987 ), "Automotive Stirling Engine Development Program - A Succes ", Program 
Background, Page 1, Philadelphia, Pennsylvania, August 10-14, 1987. 
6 
CHAPTER 3: The Stirling Engine and ASE Program Objectives (Engine 
Tailored to Mission) 6 
The Stirling Cycle Engine 
In its most very simplistic form the Stirling Engine is an external combustion 
engine, and uses an enclosed working gas, typically hydrogen or helium, which is 
heated and cooled. As the gas expands, it forces the pistons forward. When the gas 
reaches its maximum point of expansion, the piston in essence is suctioned back to its 
original starting point. A crankshaft is attached to the piston using a wrist pin. Each 
cycle or stroke causes the crankshaft to rotate, thus providing power transmission to the 
output shaft. 
Fig. 3.1: Double Action 
(sectional view) Stirling Engine 7 
Type 24d V-engine, a double-acting machine as the Type 19 but with a conventional crankshaft, nonnal con-rods and 
cross-head guides. Seen from above, the four cylinders are arranged as a rhomb; this allows all the (cold) connecting 
6 Tabata, W. (1987), "Automotive Stirling Engine Development Program - A Success", ASE Program 
Objectives, Page I, Philadelphia, Pennsylvania, August 10-14, 1987. 
7 Hargreaves, C. M. , (1991 ), "The Philips Stirling Engine", Page 51 
7 
ducts to have the same length. The engine had a bore of 58 mm and a stroke of SO mm. Pressurized to 25 atm it 
developed about 12 HP. 
Fig. 3.2: Single Cylinder 
Stirling Engine 8 
c 
Drive mechanism of the Type I 0 engine. A is the crankshaft, 8 thin portion of displacer piston rod which flexes to allow 
for slight lateral movement of bell-crank d. Cis pressurizing pump, D power piston connecting rod (fork of con-rod Dis 
drawn in sketch, left, shorter than it is in reality). M bell-crank pivot. 
Obviously the more rapid the thermal cycle, the faster the rate at which the 
piston strokes, thereby, creating increased revolution of the crankshaft. The Stirling 
Engine presents both advantages and disadvantages as engine. Besides being an 
external combustion engine, which is fuelled by continuous combustion, it also runs 
at atmospheric pressure creating a benefit meaning it is cleaner burning (therefore less 
8 Hargreaves, C. M., (1991 ), "The Philips Stirling Engine", Page 41 
8 
emissions) than its ICE counterpart9. However, as the benefits noted above create a 
favourable view ofthe Stirling Engine, the fact remains that high-alloy steel and the 
visibly awkward heater head/ burner configuration do act as a deterrent to its forward 
10 progress . 
To further add to the Stirling Engine value proposition is that it merely 
requires heat to operate. In fact, the heat source could be as unconventional as metal 
combustion 11 (internalized chemical reaction), making the engine very useful in areas 
where oxygen sources may be diminished or absent. Typically, these systems are 
favoured in harsher environments and in applications where space is not a key factor. 
Installation in an automobile under hood application presents an added challenge. 
Because the Stirling Engine is powered by a heat source it is void of the 
typical ICE explosions used to drive the combustion cycle and is typically quiet so the 
engine can be barely heard. Of course balancing of the engine is required. One such 
balancing method using a rhombic design (Fig. 3.3) was first introduced in 1953 by 
RJ M .. 12 . . eiJer . 
9 Hargreaves, C.M., (1991), :The Philips Stirling Engine", Page 122 
10 Hargreaves, C. M., ( 1991 ), "The Philips Stirling Engine", Page 122 
11 Hargreaves, C. M., (1991), "The Philips Stirling Engine", Page 331 
12 Hargreaves, C. M. , (1991), "The Philips Stirling Engine", Page 130 
9 
Fig. 3.3: Simplified Diagram 
ofthe Rhombic-Drive Mechanism 13 
Simplified diagram of the rhombic-drive mechanism: I= power piston; 2= hollow power-p iston rod; 3= yoke; 4, 
4'=coru1ectin g rods pivoted at the ends of yoke 3 ; 5, 5'= cranks on the two oppositely rotatin g shafts coupled by gears 10, 
I 0'; 6= displacer piston rod; 8= yoke; 9, 9'= displacer con-rods pivoted at the ends of this yoke; II and 12= gas-tight 
stuffing boxes; 13= buffer space containin g the workin g gas at the fillin g pressure of the engine 
This Stirling Engine provides the added benefit of smoother torque curves 
than their ICE equivalents and is virtually undetectable when running. Additional 
features of this design allowed for higher working pressures, use of hydrogen and 
helium because of their better power and efficiency properties over that of air and 
nitrogen; multi-cylinder engines can be developed by simply grafting the first 
cylinder onto itself 14 
13 Hargreaves, C. M., (1991 ), "The Philips Stirling Engine", Page 130 
14 Hargreaves, C.M. "The Philips Stirling Engine", (1991), Pg. 129 
Fig. 3.4: Torque vs. Crank Angle of 
a Stirling Engine and of a 4-stroke 
petrol engine ofthe same power. 15 
TORQUE 
lOmkgf 
TOROU£ 
10 
J6o" 
I 
Philips Stirling engiM 
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0~---------------,~~~------------~~ 
CRANK ANGLE 
ASE Program Objectives 
The original and current ASE program objectives were to develop a Stirling 
engine. When installed in a production spark-ignition vehicle it would: 
1. Provide 30 percent improvement in the EPA combined driving cycle fuel 
economy 
2. Provide exhaust emissions which satisfy the Federal Research Standards 
3. Provide comparable acceleration and response. 
15 Hargreaves, C. M., (1991 ), "The Philips Stirling Engine", Page 122 
11 
Further, the Automotive Stirling Engine should: 
4. Be capable of operation on various alternate liquid fuels 
5. Have comparable initial manufacturing costs and life cycle costs as the 
spark-ignition engine 
And, fmally, 
6. The transfer of the existing European Stirling engine technology to the 
United States. 
Technical Achievements 
After 9 years and over $100 million of government funding, what has been 
accomplished in the ASE program? Some technical achievements have been: 
12 
Improvement in Net Engine Efficiency 
The baseline USAB P40 engine in 1978 had a maximum engine net efficiency 
of31 percent. In the ASE program, maximum engine net efficiency has been 
increased to 3 7 percent as demonstrated by the MOD I engine; 40 percent projected 
for the current MOD II engine under development; and 42 percent projected for the 
paper-design Reference Engine System Design (RESD). 
Fig. 3.5: Stirling Engine Net Efficiency. 
15 MPA Operating Pressure, Full Stirling 
Engine System.16 
45 
.. 
> ~ 35 LLJ 
..... 
u 
-U-
u.. 
I.U 30 
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w 
z: 
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16 Tabata, William K. (August 10-14, 1987) "Automotive Stirling Engine Development Program - A 
Success" for U.S. Department of Energy 
Fig. 3.6: USS P-40 
Baseline Stirling Engine 
System. 17 
17 Allen, Merton (Dec. 15, 1978) "MTI Report No. 79ASE32QT2, Quarterly Technical Progre s 
Report for period of July 2 - September 30, 1978" Page 22 
13 
14 
The MOD II engine efficiency is slightly less than the RESD by intention. 
The MOD II has been optimized for fuel economy and not necessarily for engine 
efficiency. In some cases, engine efficiency has been sacrificed for fuel economy. 
One example is the pre-heater. The pre-heater was designed lighter (smaller) to 
reduce the cold start penalty in the urban driving cycle. The lighter (smaller) pre-
heater reduced effectiveness and thus reduced engine efficiency for improved fuel 
economy. 
Fig. 3.7: MOD I and 
MOD II Engines18 
Modi 
72 hp/688 lb (54 kW/312 kg) 
23.2 in. (590 mm) Height 
26.4 in. (670 mm) Diameter 
Parameter 
Heater Head Type 
Part Power Optimized 
Strategic Maserials 
Crankshaft Type 
Block Type 
Manufacturing Cost 
Modi 
Canister 
Partial 
Y&S 
Dual 
Modll 
80 llpl4471b (60 kW/203 kg) v 
21.2 in. (540 rnm) Height 
22.0 in. (560 mm) Diameter 
Mod II 
Annular 
Yes 
No 
Single 
Multipiece Single Piece 
Expensive Competrove 
91TR15 
18 Ernst, William D. (February 1997) "Automotive Stirling Engine Development Project" for U.S . 
Department of Energy 
91552·1 
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Engine Tailored to Mission 
The maximum power ofthe 4000 rpm engine speed is needed only for 
vehicle acceleration. The average operating point ofthe engine during the EPA 
combined urban/highway driving cycles is an engine speed of approximately 1000 
rpm. Therefore, the maximum efficiency of the USAB P40 engine at 2000 rpm has 
been moved by design to approximately 1 000 rpm for the MOD I and MOD II 
engmes. 
In summary, the piston rings and piston rod seals appeared to demonstrate the 
ability to achieve a 3500 hour goal in an automotive application. 
Material Selection 
Strategic cobalt was a metal alloy once used in heater heads of Stirling 
Engines. Where N155 was used for the tubes and for castings, the choice was H531. 
For the ASE platform, alloys were chosen that were absent of cobalt. Success on both 
the MOD I and II came from using two new alloys for the heater heads. This time, 
CG27 was used for the tubes - and for the casting, XF818. Significant testing proved 
their endurance through strength and fatigue properties. NASAUT - 4GA1 was 
identified as a possible source for castings. It demonstrated better functional ability 
and a reduced cost. Further understanding just how much better was not possible due 
to funding restrictions. In fact , one was never made to validate the potential benefits. 
16 
A ceramic pre-heater was explored and a contract was let to develop it for the 
ASE Program. A mixed oxides pre-heater unit was developed, with the thermal 
capabilities ofthe metallic version with strong reliability in thermal cycling. Again, a 
victim of funding shortfalls, this engine was not completed. 19 
Durability - In-Vehicle Evaluation 
The ASE underwent extensive engine durability testing simulating the EPA 
driving cycle. Accordingly, the MOD II logged 500 hours, the P40 - 8000 hours and 
the MOD I a total of 17,000 hours as of April 1987. 
While most ofthe hours noted above were significant and impressive, only 
2000 of those can be attributed to In-Vehicle testing. A derived benefit came in the 
form of transient data for response and how the system impacts the functions of the 
vehicle. 20 
It should be noted that a significant contribution to the better fuel economy of 
the ASE is more than an increase in engine efficiency; advances came in the control 
of engine systems. These controls were tuned to prohibit fuel economy loss as a 
result of low power control response and heater head temperature "drops". This 
allowed the driver the flexibility and performance they were accustomed to for diesel 
and spark-ignition engines. Various alternative fuels have been tested resulting in 
19 Tabata, W. (1987), "Automotive Stirling Engine Development Program - A Success", Materials, 
Page 2, Philadelphia, Pennsylvania, August 10-14, 1987. 
20 Tabata, W. (1987), "Automotive Stirling Engine Development Program - A Success", Vehicle 
Testing, Page 2, Philadelphia, Pennsylvania, August 10-14, 1987. 
17 
similar exhaust emissions; the only real issue was noted during ignition of some fuels . 
2 1 
Notably, the more rapid the thermal cycle, the faster the rate at which the 
piston strokes, thereby, creating increased revolution of the crankshaft. This, by no 
means, can compete against the power weight ratio ofthe Spark Ignition (SI) engine. 
So why did the ASE (both MOD I and MOD II) not proceed any further? 
Was it availability of manufacturing techniques, or lack of it? Were the materials 
selected cost prohibitive? Was it the lack of a functional design? The answer appears 
to be the result of diametrically opposed parties working on a system that neither 
party wanted to be successful for reasons of economics and basic use of resources, 
and to maintain shareholder value. Showing the consumer they are 'working on it' to 
satisfy critics and provide the appearance of the pursuit of alternatives is a very tricky 
juggling act. Never intending to follow through with what the study's resultant data 
indicated, further suggested with some refinements the RESV could outperform its 
conventional competitors once it reached maturity. 
21 Tabata, W. (1987), "Automotive Stirling Engine Development Program - A Success", Control 
Sy terns, Page 2, Philadelphia, Pennsylvania, August 10-14, 1987. 
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CHAPTER 4: Why is there a Need for a Green Alternative? 
As the year 2010 roars through and 2011 gathers steam there is continued 
pressure on global and domestic vehicle manufacturers to achieve reductions in 
green-house gas emission, increased fuel economy and alternative sources to fossil 
fuels . Misguided requirements perhaps, but nonetheless governments and 
environmentalists are driving the new engine market. 
For example, below is just a sampling of current commercially available 
engines, the fuels they bum and the vehicles they are used in: 
Fig. 4.1: Engine, Fuel, Vehicle Comparison 
ENGINE TYPE FUEL VEHICLE 
ICE - 4 Stroke Gasoline I Ethanol I LPG Automobile, Trucks, 
Industrial Vehicles, 
Emergency Service, etc. 
ICE - 2 Stroke Hydrogen Gasoline Scooters 
HCCI (Diesel) Diesel, Bio-fuel , Diesel Cars, Trucks, 
Electric Locomotives, Ships, 
Heavy Equipment, etc. 
The above noted engines all emit either hydro-fluoro Carbons, NOx, SOx or 
CO, etc. Regardless ofwhether a fossil fuel or renewable fuel is burned, it still has 
(no matter how much we work to eliminate them) green house gases that are a by-
product of each engine; fo ssil fuels are being used to create these fuels . So even if 
19 
they are low emission, they are still key contributors, albeit indirectly to global 
warmmg. 
So, why is there a need for a green automotive alternative? The population of 
the world continues to grow at an astonishing rate. More and more countries are 
becoming modernized. The demand for cars, trucks, construction and infra structure 
equipment is showing no sign of slowing down. Although fossil fuels and grain 
alcohols are both finite and infmite in their own right, they are and will continue to be 
a major cause of global warming unless another viable alternative is found. We must 
lose our love affair with high revving emissions spewing vehicles if we are to arrest 
the current situation and start to reverse the trend. 
Enter the Stirling Cycle Engine or as it is also known, the Stirling Cycle 
Machine. This unique, but long known engine can use virtually any source ofheat to 
make the unit capable of producing kinetic energy. 
Ifthere were an alternative to these engines, whereby it was not necessary to 
burn fossil fuels. either to create the fuel (as is in the case of grain alcohol, LPG, 
propane, gasoline, etc.), or extract it, would this engine ever have a chance of 
succeeding commercially as a viable alternative? What would be its major stumbling 
blocks to implementation? The oil lobby, perhaps? Engine manufacturers- would 
they feel threatened? Vehicle manufacturers . ... would their drivelines be effective? 
Can they package such a thing into their every decreasing vehicle sizes? 
20 
The following chapter will attempt to put forward a viable alternative to these 
engines, by attempting to prove why an Automotive Stirling Engine (ASE) should be 
considered as a most effective contender in the vehicle production market. 
CHAPTER 5: Previous Attempts to Use Stirling Engine Automotive 
Applications 
21 
The prime objective of assembling a Pre-Developmental Demonstration 
Stirling Engine-Powered Vehicle, as early as possible in the program, was fulfilled. 
The vehicle, "GENESIS-I", was delivered for on-the-road testing ten (I 0) months 
ahead ofthe scheduled for delivery ofthe 1979 AMC Concord Baseline Engine 
Vehicle System (Scheduled for May 1979). 
Testing ofGENESIS-1 established that a Stirling Engine-Powered Vehicle 
was a quiet, low-emission vehicle having high-torque at low-speed and optimum 
efficiency at partial load. Driveability was very good. 
Fuel economy was not demonstrated because of the time restriction, which 
prevented proper engine/vehicle design and integration towards this objective. 
Nevertheless, GENESIS-I mileage exceeded the predicted urban cycle- 3000 lb. 
inertia weight value - delivering 19.3 mpg for the combined CVS cycle using 
gasoline in the Dearborn, Michigan CVS testing. 
Although the power is lower ( 45 hp compared to the diesel 60 hp ), driveability 
was very good and very similar to conventional 1978 automobiles. The reduced 
power of the Stirling Engine is compensated for in part, by higher torque at low 
speeds. 
22 
"The MTI team has convincingly demonstrated the capability of a Stirling 
Engine in a vehicle to meet - and in fact , exceed - the stringent Federal research 
. . d d " 22 emission stan ar s. 
Testing resulted in a better understanding of applying Stirling Engines to 
automobiles, especially with respect to an integrated engine/vehicle design approach. 
Problem areas and potential fixes were highlighted. GENESIS-I had undergone 83 
plus hours of operation. The vehicle would continue to be used for familiarization, 
testing, evaluation and demonstration purposes. 
Manufacture of the P-40 baseline engines for delivery to NASA and MTI 
were going according to plan and schedule. 23 
Numerous attempts by many players with interest in the hybrid engine market 
have been made over the last number of years by such well known and respected 
organizations ranging from: MTI (Mechanical Technology Incorporated) under the 
direction ofNASA; Sun Power Inc.; STM; USSW (United Stirling Sweden) ; and 
Philips to name a few. 
22 Ragsdale, R. G. , (1978), "Stirling Engine Project Status", NASA-LeRC. Presented at the DOE 
Highway Vehicle Systems Contractors ' Coordination Meeting, Dearborn, Michigan, October 17 - 20, 
1978 . 
23 Allen, M., ( 1978), "Automotive Stirling Engine Development Program", MTI Report No. 
79ASE32QT2, Quarterly Technical Progress Report for Period of July 2 to September 30, 1978, Page 
33 , December 15, 1978. 
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In 1977 the Ford Motor Company and the U.S. Department ofEnergy jointly 
funded a project (contract# EC-77-C-02-4396) with oversight by the NASA - Lewis 
Research Center. 24 Its purpose was to determine the technological and 
developmental argument as to whether a full fledged engineering study would 
determine the viability of Stirling Engine Manufacture. As early as a report dated 
September 19, 1977, it was believed that these type of engine would indeed be worthy 
of consideration; and a serious one. This would aid the objective to help achieve 
environmental and fuel consumption mandates of the day. Data suggested that this 
engine could deliver a 30% increase in fuel economy. 25 
The attraction of the Stirling Engine was its potential for improved fuel 
economy with a controlled and consistent combustion cycle. Interestingly as an 
external combustion engine it could utilize a variety of fuels. Some drawbacks to this 
otherwise unknown alternative to the ICE were that it was large, heavy and therefore 
considered ill-suited to use in a vehicle. From an EPA standpoint its low nitrogen 
oxide (NOx) emissions far outweighed the benefit of increased fuel economy. 
The approach of using baseline vehicles with ICE engines indicated that the 
benefit resultant was deemed marginal. Essentially this accelerated the end of DOE 
studies and with that the further funding of development. 
24 Kitzner, E., (1978), "Automotive Stirling Engine Development Program", Quarterly Technical 
Progress Report, Cleveland, OH, Oct. 1977 - Dec. 1977 
25 Allen, M., (1978), "Automotive Stirling Engine Development Program", MTI Report No. 
79ASE32QT2, Quarterly Technical Progress Report, Page 1, Cleveland, OH, Jul. 2 - Sep. 30, 1978 
24 
Another attempt in 1978 by the U.S. DOE saw the MTI Automobile Stirling 
Engine Development Program was restarted under the direction of the NASA Lewis 
Research Center. The focus was to be on a viable IC engine alternative with even 
fin d b. . 26 more de e o ~ectlves : 
1. A 30% improvement over late model ('79) SI engine in a comparable 
vehicle 
2. Exhaust emissions had to meet or exceed the EPA average during cycles 
for a 1977 MY vehicle 
a. HC 0.41 gm/mile 
b. co 3.40 gm/mile 
c. NOx 0.40 gm/mile 
3. Exterior and cabin noise levels equal to or better than sample MY 
4. Sunk cost and running cost cannot be costly to the owner 
5. Quality, safety, NVH, robustness equal to or better than a 1977 SI 
powered car 
This engine, the P-40 was not without its share of developmental problems, 
which included pressure to achieve the above noted tasks did not fall short of the 
quest. Instead, it was decided to meet a mandate of showing the first engine in a 
vehicle. This unit became known as Genesis- I (an Opel). 27 
26 Allen, M., (1978), "Automotive Stirling Engine Development Program", MTI Report No. 
79ASE32QT2, Quarterly Technical Progress Report, Cleveland, OH, Jul. 2 - Sep. 30, 1978 
27 Allen, M., (1978), "Automotive Stirling Engine Development Program", MTI Report No. 
79ASE32QT2, Quarterly Technical Progress Report, Page I, Cleveland, OH, Jul. 2 - ep. 30, 1978 
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Once in the U.S. and with some refmements, it was quieter than the baseline 
car, and the Opel equipped with a diesel engine. Although Genesis-! was knowingly 
an underpowered vehicle it was expected to be put through field testing. Genesis-1 
(once the fuel was corrected to the same density as diesel fuel) did better than 
expected. However, as mentioned earlier it was no longer the objective. Emissions 
were better than the Opel excepting at the cold start phase. Drivers reported equally 
low speed /power and torque. 
It was believed that the MOD II could be constructed using new materials, employing 
the latest in manufacturing and design techniques reducing the cost that was such an 
inhibitor during testing as noted in earlier. Conflicts of interest between industry 
advisors, government legislators and even consumer advocacy groups can exert 
influence on the introduction of technology. Even though technology may be proven 
to be a better and 'greener' alternative it still must be embraced as being good for the 
consumer. 
It is a well known industry rule ofthumb that the engine/motor represents 30% ofthe 
total vehicle cost. It is very important to note that the advantages of the Stirling 
Engine are seen as significant rather than marginal. 
CHAPTER 6: Methodology of the ASE 
Stirling Engine Viability 
26 
It is well known that building and testing prototype engines is expensive and 
time consuming. Analysis and simulation software can provide quick, cost-effective 
and a relatively reliable means of acquiring performance results to evaluate, compare 
and improve various designs. In order to use a simulation package with any 
confidence it is necessary to have validated the package against a proven engine. 
There are many such systems available however; the Martini-Weiss (A 
Microcomputer Design Aid for Stirling Engines) has proven the most reliable. 
The performance ofvarious Stirling Engine configurations will be measured 
using the Marweiss or Martini-Weiss program. 
Marweiss is an MS-DOS program written in Fortran 77 in the 1980's. 
The program was implemented for PC by M. H. Weiss based on programs 
written by Dr. William Martini in the early 1980's. 
It is a menu driven, graphics orientated computer simulation program used 
almost exclusively for Stirling Engines. 
27 
Marweiss has proven to be a reliable tool for providing estimates on the 
performance of Stirling Engines. 28 
The program accepts input for various specifications such as: engine type and 
dimensions; heat exchanger types and dimensions; cooler type and dimensions; 
working gas; type and dimensions ofthe drive system; and miscellaneous variables 
including heater wall temperature and metal thermal conductivity. 
The program variables are entered interactively or can be imported from a 
previously saved engine specification file. 
The results ofthe simulation are displayed on screen and placed into two text 
files, RESULT and OUTPUT. The results display energy input and output in watts, 
hot and cold temperatures ofthe engine; and the indicated and overall efficiency of 
the engine. 
Marweiss also gives the option of creating a text file that contains plot data. 
Optional graphs include: Volume and pressure distribution (P-V Diagrams); Gas 
Flow Distribution; Power map; Efficiency map; Efficiency and pressure drop vs. 
speed ; power and efficiency vs. phase angle; power and efficiency vs. displacer mass; 
power and efficiency vs. displacer rod diameter; buffer volume map and displacer 
stroke map. 
2 Sier, R. , (2008) , "Computer Programs for Simulating Stirling Engines", 
http://www.stirlingengine .org.uk/simulation/simulat.html, Viewed: September 4, 2008 
28 
This information can be viewed as plot-graphs using the included graphics program. 
The user is given three options for viewing the graphs: on screen; printed using a 
printer; or printed using a plotter. All three options require drivers to be setup and 
installed in advance. 29 
For the practical specification of the various engine, heat exchangers, cooler 
and drive system dimensions requires suitable knowledge, understanding and 
experience with Stirling Engines. Therefore, all simulations will be based on a 
default engine design proposed by Martini-Weiss. 
29 Weiss, M.G., Walker, G., Fauvel, 0. R , (1988) "MARTINI-WEISS User 's Manual", University of 
Calgary, Canada, 1988. 
29 
Fig. 6.1: Martini-Weiss Engine Variables 30 
Engine Configuration SA-2(alpha) Crank angle increment (degrees) 
Two piston machine Losses calculated for each step <y/n> 
Cylinder diameter (em) 6.99 
Displacer rod diameter (em) 0.952 Type of drive system used 
Piston end clearance (em) 0.03 Connecting rod length (em) 
Displacer end clearance (em) 0.163 Crank length (em) 
Hot cap gap (em) 0.025 Eccentricity (em) 
Hot cap length (em) 8.5 
Number of piston/displacer pairs 4 Miscellaneous parameters 
Heat transfer multiplication factor 
Type of cooler tubular Furnace efficiency(%) 
I. D. of cooler tubes (em) 0.108 Cooling water flow rate (1/s) 
Length of cooler tubes (em) 4.61 Leakage (fraction) 
Heat transfer length (em) 3.55 Mechanical efficiency(%) 
Number of cooler tubes/cyl 312 Average pressure (Mpa) 
Engine speed (rpm) 
Connecting ducts present No Cooling water temperature (K) 
Velocity head in heater 
Type of regenerator Wire Mesh Velocity head in cooler 
O.D. of regenerator (em) 2.26 Verlocity head in conn . Ducts 
I. D. of regenerator (em) 0 Expansion cylinder wall thinkness (em) 
Length of regenerator (em) 2.26 Hot cap wall thickness (em) 
Number of regenerators/cyl 8 Regenerator housing wall thickness (em) 
Screen wire diameter (em) 0.004 
Fill factor (fraction) 0.303 Type of gas 
Surface area/volume (cm"2/cm"3) 179 
Type of heater Tubular 
I. D. of heater tubes (em) 0.302 
Length of heater tubes (em) 24.53 
Heat transfer length (em) 15.54 
Number of heater tubes/cyl 40 
30 Wei s, M. G., Walker, G., Fauvel , 0 . R. , (1988) "MARTINI-WEISS User's Manual", University of 
Calgary, Canada, 1988, Pg 51 
5 
No 
Rhombic 
4.6 
15/1.380 
2.65/2 .08 
75 
1 
0 
85 
2.179 
1494 
310 
0 .55 
0.159 
0.4 
hydrogen 
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The purpose of this simulation is to compare different materials used for the 
engine block, heater head and heater for the default engine. The parameters of the 
default engine were provided by Martini-Weiss. It was not possible to use the P-40 
engine to analyse performance as the material composition and detailed dimensions 
were not available. 
Since all simulations performed will be based on a default engine design, 
Marweiss will provide relative performance results for the different materials used in 
each engine. 
Assumptions 
The materials used will be compared using their different maximum 
continuous use temperatures, rates of thermal conductivity and tensile/flexural 
strengths. 
The input variables for the Marweiss simulation program will be affected by 
using different materials and will therefore differ from the default engine design for 
the heater wall temperature and metal thermal conductivity. 
Fig. 6.2: Martini-Weiss Input Variables Summary 
Metal thermal conductivity (W m K) 
Heater wall temperature (K) 
MOD II based 
20 
1093 
185C ploymer 
210 
458 
260C polymer 
210 
533 
350C polymer 
210 
623 
lnconel 713C 
20 
1273 
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These materials were selected for the following reasons: 
• The Inconel alloy could withstand high wall temperatures and the polymeric 
material allowed greater thermal conductivity and presented an alternative 
manufacturing approach. This could be seen as a 'green' solution. 
• The heater wall temperature is the running temperature of the engine inside the 
heater. The heater and heater head material with the lowest maximum 
continuous use temperature is to be used for this value. 
• Metal Thermal Conductivity is used in estimating the conduction losses. The 
thermal conductivity ofthe most abundant material in the heat exchangers 
should be used. 
The results from the Marweiss Simulation program along with the generated 
plot data will be compared. This will reveal the relative efficiency, power input and 
power output of the test Stirling Engines. 
32 
CHAPTER 7: Comparison of Alternative Materials 
Using the Martini-Weiss program the default engine data was used to compare the 
performance ofthe heater head and tubes, heater and block. 
Fig 7.1: Test Engine Materials Selection 
TEST TEST ENGINE TEST TEST 
ENGINE 1 2 ENGINE3 ENGINE 4 
Block INCONEL AS-1133 TECAPEEK TECAPEEK 
713C ENGINE ENGINE CF30 ENGINE TCPENGINE 
Heater Cast Iron Cast Aluminum Cast Aluminum Cast Aluminum 
Alloy Alloy Alloy 
Heater Head Cast IN CONEL Amodel AS- Ensinger Thermal 
and Tubes 713C 1133 HS TECAPEEK CF30 Coated 
Polyphthalamide Po lytheretherketone Polymer 
Cast/Tubular Tubular Tubular Aluminum Tubular 
INCONEL Aluminum Aluminum 
713C Heater 
Head 
MOD II Engine: 
In the 1980's, NASA and MTI developed the MOD II Stirling Engine under a 
jointly funded program mentioned earlier in this document. 
The engine consisted of: 
• Sand cast ductile or nodular iron alloy block 
• Stainless Steel Alloy 253MA heater 
33 
• XF818 Stainless Steel cast heater head with Inconel 625 Nickel Superalloy tubing 
31 
The MOD II Engine produced a maximum power output of 60kW@4000rpm and 
achieved 38.5% efficiency@ l200rpm. 32 
Performance results using the default engine configuration is expected to produce 
similar outputs. These results will provide a basis for comparison with the other 
Stirling Engine comparisons. 
Simulation Results 
The Martini-Weiss simulation produces P-V charts for the same engine each time in 
terms of physical geometry and is used for all test cases. Obviously, the cyclic 
volume variations will be the same for each case as noted in the graphs (see annex) 
for each simulation that was run. 
Fig. 7.2: Test Engine Materials Specifications 
Material Continuous Temp [C) Thermal Conductivity Tensile/Flexural Strenth [Mpa] 
Cast Iron [800) 76 W/m K 
Aluminum 350 210 W/m K 
XF818 (Climax Molybdenum) 
lnconel 625 
lnconel 713C 1000 [20 W/m K] 
AS-1133 HS(Polyphthalamide) 185 @ 5000 hours [1 W/m K] 
TecaPEEK CF-30 250 1 W/m K 
Thermal Coated Polymer [350) [1 W/m K] 
31 Ernst, W. D., Shaltens, R. K. , (1997), "Automotive Stirling Engine Development Project", NASA, 
USA, 1997 
32 Ernst, W. D., Shaltens, R. K., ( 1997), "Automotive Stirling Engine Development ProJect", NASA, 
USA, 1997 
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This material information is obtained from materials data sheets. 
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INCONEL 713C Engine: 
The Inconel 713C engine is a proposed high heat engine where a majority of 
components in the hot section ofthe engine will be made from Inconel 713C, a nickel 
superalloy. 
Superalloys have properties that allow them to retain most oftheir strength 
and have low creep values while operating under high temperatures. 
The engine consists of: 
• Cast iron block 
• Cast Inconel 713C heater 
• Cast/tubular Inconel 713 C heater head 
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The Inconel 713C Engine is expected to produce higher output power and have a 
higher overall efficiency than the MTI MOD II Engine. This will be a result of the 
higher hot engine temperature ofthe Inconel 713C Engine. 
40 
AS-113 3 Engine: 
The Amodel AS-1133 HS engine is a proposed low heat engine that makes 
use of aluminum and polymer materials in the hot section of the engine. 
The use of polymers and aluminum reduces the hot engine temperature ofthe 
engine. However, the use of these materials allows for reduced engine weight and 
reduced cost. 
The reduced hot engine temperature allows the engine block to be made from 
cast aluminum alloy, reducing the weight ofthe engine further. 
Find use in hybrid vehicle 
The engine consists of: 
• Cast aluminum alloy block 
• AMODEL AS-1133 HS polyphthalamide heater 
• Tubular aluminum heater head 
The AS-1133 Engine is expected to produce significantly reduced power output 
compared to the MOD II Engine. Slightly reduced overall efficiency is to be 
expected as well. 
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TECAPEEK CF30 Engine: 
The Tecapeek CF30 engine is another proposed low heat engine that uses 
aluminum and polymer materials as well. 
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It runs a hot en~ine temperature higher than that of the AS-113 3 HS engine 
but has a lower tensile strength. 
As well, it has the same reduced weight and cost benefits. 
The engine consists of 
• Cast aluminum alloy block 
• Ensinger Tecapeek CF 30 polyetheretherketone heater 
• Tubular aluminum heater head 
The performance ofthe Tecapeek CF30 Engine is expected to perform slightly 
higher than the AS-1133 Engine. However, the durability ofthe heater in this engine 
will be less than AS-1133 Engine which may reduce the reliability of the engine. 
I Fig. 7.6.1: TECAPEEK CF30 Power Map I 
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TECAPEEK TCP Engine: 
The Thermal Coated Polymer engine is a proposed engine based on material 
improvements to the Tecapeek CF30 engine. 
The engine will make use of thermal coating technology to coat the polymer 
heater with a thin heat and wear resistant coating (ceramic or metal alloy coating). 
Optimistically this will increase the maximum continuous use temperature of 
the polymer heater to a temperature equal to the heater head. 
The engine consists of 
• Cast aluminum alloy block 
• Thermal coated polymer heater 
• Tubular aluminum heater head 
The Tecapeek TCP Engine is expected to produce higher power output and 
have higher overall efficiency than both of the low heat, polymer based engines (AS-
1133 and Tecapeek CF30). The higher performance will be a result ofthe higher hot 
engine temperature. The Tecapeek TCP engine is still expected to perform 
significantly less than the MTI MOD II Engine. 
I Fig. 7.7.1: TECAPEEK TCP Power Map I 
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Manufacturability 
To arrive at a fmished product, multiple manufacturing processes will be 
required for the various Stirling Engine configurations. 
Along with material selection, the ease of which parts can be manufactured 
plays a vital role in the cost of a Stirling Engine. Choosing materials and engine 
configurations that are easy to manufacture will reduce the need for a highly skilled 
workforce and high quality, custom tools and equipment. 
These reduced costs in areas such as labour and equipment will improve the 
attractiveness of a Stirling Engine built with easy to manufacture materials. 
Therefore, the manufacturing process of the various materials will be 
compared to determine the resources required for manufacturing. Resources will 
include workforce skill, time to manufacture material and required equipment and 
tooling. 
Stainless Steel Alloy 253MA: 
253MA is a stainless steel alloy that has protection to corrosion and good isothermal 
properties. It is mainly composed of iron, chromium and nickel. 33 
Inconel 625 : 
Inconel625 is a nickel based super alloy consisting mainly of nickel, Chromium and 
Molybdenum. 34 
33 Mat Web, Material Property Data, http://www.matweb.com, Viewed: September II , 2008 
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Inconel 713C: 
Inconel 713C is a nickel based super alloy consisting mainly of nickel, Chromium 
d 1 . 35 an A ummum. 
AS-1133 HS: 
AS-1133 HS is a 33% glass reinforced polyphthalamide from Solvay Advanced 
Polymers. It has high structural strength and can be easily manufactured. 
Tecapeek CF 30: 
Tecapeek CF 30 is a polyetheretherketone polymer from Esigner Inc. It is TecaPeek 
with a 30% composition of carbon fiber added to improve tensile and flexural 
strength in high temperature environments. 
Thermal Coated Polymer: 
A carbon reinforced polymer substrate coated with super alloy or ceramic 
carbide coating. Plasma coating is the process where a coating material is heated and 
then projected onto the substrate material (substrate not heated---roughed surface for 
better bonding). 
Material strength is provided by the snbstrate while heat and wear resistance is 
provided by the coating material. 36 
34 Mat Web, Material Property Data, http: www.matweb.com, Viewed: September 11 , 2008 
35 Donachie, M. J. , Donachie, S. J. , (2002), "Superalloys: A Technical Guide", ASM International , 2"d 
Edition, USA, 2002. 
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The necessary material information for the simulation of Stirling Engines is 
the maximum continuous use temperature and the thermal conductivity 
Other useful material information not related to simulation includes strength 
and durability. This information will assist in determining the reliability and 
durability ofthe manufactured materials. 
36 England, G .. (2008), "Thermal Spraying Process", http: //www.gordonengland.co.uk, Viewed: 
September 9, 2008 
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CHAPTER 8: Marweiss Analysis of Current Available Materials Vs. MOD II 
Version 
The MTI I MOD II version, while a more focused attempt at refining materials 
for use with the Stirling cycle, had significant drawbacks. The integrity of the seal 
continued to be compromised by the continuous exposure to temperatures required to 
make the engine remotely efficient. Unfortunately with a Stirling Machine, as 
previously noted in this analysis, a low concentration of thermal conductivity is 
necessary to provide the best and most efficient power transfer. Heat loss results in 
power loss; power loss in turn reduces efficiency in the heater. 
With newer, lighter and more manufacture-friendly materials, it is possible to 
obtain the thermal values to ensure the highly efficient use of a modern Stirling 
machine. However, the advances were outweighed by the drawbacks - Inconel, 
capable of achieving the heat co-efficiency necessary to make this application a 
viable solution is, however, extremely costly and just as awkward and heavy (making 
manufacture difficult) as the MOD II. 
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CHAPTER 9: Discussion of Results 
Reliability 
An important characteristic to consider when carrying out an assessment of a 
product is reliability. 
One unreliable product line can ruin a company's hard earned reputation. 
Reliability is important in today's competitive and global market. 
An early MTI MOD II Engine underwent a piston rod rework/redesign to 
avoid a potential piston rod cracking problem. 
A MTI MOD II Engine was placed in USPS LL V and tested for 
approximately 500hrs operational use during a three month field test period. A split 
piston ring design was used for MOD II Engine. 
Inspection after a three month field test indicated early piston ring 
deterioration. 
Hydrogen working gas leakage resulted making it necessary to recharge the unit 
every 12 days. 37 
37 Ernst, W. D. , Shaltens, R K. , (1997), "Automotive Stirling Engine Development Project", NASA, 
USA, 1997 
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Tensile/flexural strength, creep and rupture values of materials used will help 
determine reliability of test Stirling Engines. 
The cost represents the price per component after assembly. This will include 
the price of materials, t~e cost to manufacture the materials, the cost to assemble the 
manufactured materials and the cost for development ofthe material. 
The price of materials will be acquired by obtaining the current market value. 
Either this information will be obtained directly from material manufacturing 
companies or by the use of online resources they provide. Online resources can 
provide current information compared to published resources (London Metal 
Bulletin). 
In order to determine the cost to manufacture the materials into parts ready for 
assembly, a decision will be made regarding the cost effectiveness of making or 
buying the materials. Materials that require special environments or technical 
expertise for manufacturing may be more cost effective if the materials are purchased 
and ready for assembly. Materials that are to be manufactured into assembly ready 
parts will have to take into account the cost of labour, infrastructure and equipment 
costs, operational costs and the cost of the materials. 
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The cost of assembly will also include the labour expense. However, there 
may be an ability for the assembly process and manufacturing process to share 
infrastructure, equipment, and operational costs. 
The use of materials, such as cast iron and aluminum alloys has been used in 
the automotive industry for more than several decades. The manufacturing and 
application of these materials has been extensively refmed. Use of such materials 
will likely involve little to no development costs. On the other hand, certain stainless 
steel and nickel alloys have not found as much use in the automotive industry and 
may require additional development costs to improve the manufacturing process. 
In order to compare the use of different materials used in the Stirling Engine, 
the same engine design is used for all engine configurations. This will allow for a 
more relative comparison of the cost for the materials used. 
Durability and reliability is also taken into account when comparing the cost 
of a Stirling Engine. They give indication of the life cycle of the engine. It may be 
more beneficial to use a higher cost engine instead of an engine that is unreliable and 
unable to remain operational throughout the expected life cycle of the engine. 
Manufacturability 
Applications for both MOD II and more modem material/design Stirling' s will still 
pose a financially restrictive option. Because of material selection/choices, they may 
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end up being inefficient and therefore they can't be considered viable when compared 
to CI and ICE derivatives available today to consumers at all levels. 
For applications where weight, cost and reliability are key factors, the Stirling 
Engine is still not refined enough to deliver a cost-effective alternative, except where 
high maintenance and remote access create excessive expense for current power 
applications. This could be a potential market for the Stirling machine. 
For example, a Stirling machine has the potential to be used for mass transit 
and remote power applications. These applications lend themselves to this form of 
motive power as they benefit from a low maintenance, low cost fueVheat source. An 
argument can be made that depending on in-service needs a Stirling machine is more 
reliable, cheaper to run and maintain. Suitable niche market applications can be 
investigated however the initial sunk cost may prevent consideration. 
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CHAPTER 10: Concluding Remarks 
While the Stirling machine was developed over 100 plus years ago, 
current materials have not progressed sufficiently to make this power generation tool 
a viable, hands-down alternative. There are many applications that use the Stirling P-
V cycle. However, there still remain available for low power output applications such 
as novelty desk units, or as complex heat recovery tools in micro-electronic systems 
used to dissipate heat (preventing premature part failure). They are typically found in 
specialty applications. One such application is on the space shuttle. 
If alternative heater head composites could be developed, whereby they can 
withstand high heat and high pressure, can be easily manufactured and purchased for 
a competitive price, then the Stirling machine will become a viable alternative and 
provide for greater flexibility when sourcing power application products. 
In this study it was not possible to consider the detailed costing(s) for manufacturing 
(LCA) for each test case, but in previous work by the author it was demonstrated that 
the original ASE engine was not that much more to produce than conventional 
. . 38 
engmes m use . 
Materials 
As noted throughout this paper, the ASE and its iterations along the way have all 
employed the use of materials which were commonly used in the testing and 
38 Lawn, D (2004) "Appreciation ofStirling Machine Development", Page 6-7 
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development ofthe MOD I and MOD II units. The more exotic alloys (because 
currently they seem the best at maintaining the Stirling Thermodynamic cycle) 
continue to be developed, the interest continues with materials research, the better 
opportunity to refocus researchers and manufacturers attention back onto the distinct 
benefits of the Stirling Engine. Only then can the justification be made to utilize these 
'new' alloys and polymers to deliver the true benefits this machine can offer. 
The Automotive Stirling Engine although in a sense moth-balled since the last 
century provides the basis and empirical data to benchmark current hybrid engines. 
There does not appear to be any real interest in the ASE being considered as a real 
contender in the hybrid engine marketplace. Yet manufacturers are prepared to spend 
copious amounts of money on research, build new facilities and increase the cost of 
the vehicle significantly to support Lithium-Ion battery run hybrid cars. Did anyone 
even consider a Life Cycle Analysis? Not to mention what happens to the battery at 
its end oflife? Meanwhile, the ASE can run on practically any fuel source. Just that 
point alone suggests that the ASE should be considered as a hybrid solution which 
has no dependency on fossil fuels. 
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Recommendations 
Applications for both MOD II and more modem (material/design) Stirling 
Engines may still pose a financially restrictive option. Because of material 
selection/choices, they may end up being inefficient and therefore they can't be 
considered viable when compared to CI and ICE derivatives available today to 
consumers at all levels. 
For applications where weight, cost and reliability are key factors, the Stirling 
Engine is still not refined enough to deliver a cost-effective alternative, except where 
high maintenance and remote access create excessive expense for current power 
applications. This again could be a potential market for the Stirling machine. 
For example, a Stirling machine has the potential to be used for mass transit 
and remote power applications. These applications lend themselves to this fonn of 
motive power as they benefit from a low maintenance, low cost fuel/heat source. An 
argument can be made that depending on in-service needs a Stirling machine is more 
reliable, cheaper to run and maintain. Suitable niche market applications should be 
investigated however, the initial sunk cost may quickly prevent any further 
consideration. 
Further recommendations would take form in the way of increased consumer 
awareness of the technology that is available, the green factor of how the engine 
works and is relatively maintenance free. Perhaps scientists and proponents ofthe 
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Stirling Engine have been going at this the wrong way. Ifthe consumer's voice says, 
''we want the Stirling Engine!", maybe then they are the ones to put pressure on the 
legislators, manufacturers and oil companies to demand this alternative as a real and 
effective solution. 
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